Introduction

Slip on smooth surfaces
The rapid development of nano-and microfluidic systems brought a renewed attention to the solid-liquid boundary condition during the last decade (Neto et al. 2005; Bocquet and Barrat 2007) . If channels are nanometers or micrometers in diameter, even a small amount of slip on their inner surfaces was expected to ease the fluid transport appreciably. The amount of slip is best quantified using slip length, which is defined as the ratio of slip velocity to shear rate at the wall or a virtual distance into the wall at which the liquid velocity vanishes to zero when linearly extrapolated ( Fig. 1a ). It is commonly agreed upon that the slip length on smooth hydrophobic surfaces is less than tens of nanometers while that on hydrophilic surfaces is effectively zero or undetectably small Lauga et al. 2005; Neto et al. 2005 ).
Slip length, length scale of flows, and drag reduction
For the slip on a surface to reduce drag enough for engineering importance, the slip length δ needs to be comparable to the characteristic length scale of the flow. For example, the drag reduction (DR) by a liquid slip in Couette flow is calculated to be DR = 1/(1 + H/δ), where H is the gap distance between the slip surface and the opposing nonslip surface (Choi and Kim 2006a) . A similar expression of DR = 3/(3 + H/δ) has been derived for Poiseuille flow (Ou Abstract A gas in between micro-or nanostructures on a submerged superhydrophobic (SHPo) surface allows the liquid on the structures to flow with an effective slip. If large enough, this slippage may entail a drag reduction appreciable for many flow systems. However, the large discrepancies among the slippage levels reported in the literature have led to a widespread misunderstanding on the drag-reducing ability of SHPo surfaces. Today we know that the amount of slip, generally quantified with a slip length, is mainly determined by the structural features of SHPo surfaces, such as the pitch, solid fraction, and pattern type, and further affected by secondary factors, such as the state of the liquid-gas interface. Reviewing the experimental data of laminar flows in the literature comprehensively and comparing them with the theoretical predictions, we provide a global picture of the liquid slip on structured surfaces to assist in rational design of SHPo surfaces for drag reduction. Because the trapped gas, called plastron, vanishes along with its slippage effect in most application conditions, lastly we discuss the recent efforts to prevent its 1 3 Choi et al. 2006 ). According to these expressions, as a rule of thumb, a drag reduction of ~10 % is expected when the slip length is 10 % of the characteristic length scale of the flow system, e.g., the channel height for channel flows. For a given slip length, i.e., for a given wall surface, the amount of drag reduction would increase if the channel becomes smaller. Even the mere tens of nanometers of slip length on smooth hydrophobic surfaces would be meaningful in nanofluidic systems whose length scale (e.g., channel diameter) is nanometers (Holt et al. 2006 ). However, for regular (large-scale) fluidic applications, such as boats, whose viscous boundary layer thickness is on the order of a millimeter, the first-order estimate indicates a slip length on the order of 100 µm would be necessary to obtain an appreciable (>10 %) drag reduction. This level of slip length (order of 100 µm) is several orders of magnitude larger than what is possible on smooth hydrophobic surfaces (order of 10 nm), explaining why they have not been useful to reduce the drag of water vehicles or pressure drop of common pipe flows. While the eventual interest is in drag reduction, in this review we will focus on the slip length to avoid the effect of flow system on drag reduction and ensure a fair comparison between different slip surfaces.
Large effective slip on superhydrophobic surfaces
Let us imagine a liquid flowing over a solid surface covered with a uniform gas layer, as illustrated in Fig. 1b . If the thickness of the gas layer is h and liquid and gas viscosities are given by η liquid and η gas , the effective slip length δ can be calculated by assuming continuity of shear stress at the liquid-gas interface: δ = h(η liquid /η gas − 1). A slip length of 50 µm is expected if the gas layer is 1-µm-thick air in water at room temperature (Choi et al. 2006 ). However, this ideal configuration is only hypothetical, as a uniform gas film is thermodynamically unstable and cannot be sustained. On the other hand, pockets of gas can be stably maintained in between surface structures made of a nonwettable material, as schematically shown in Fig. 1c . As the liquid-solid contacts on top of the structures will impart a nonslip skin friction, the effective slip length cannot be as large as that on the uniform gas layer with the same thickness ( Fig. 1b) . Nevertheless, the slip enhancement was found significant compared with smooth surfaces (Watanabe et al. 1999; Ou et al. 2004; Choi and Kim 2006a; Choi et al. 2006) , propelling the superhydrophobic (SHPo) 1 surfaces of Fig. 1c as a potential dragreducing surface for fluidic systems above micrometers. Despite this convincing trend in favor of SHPo surface, the widely inconsistent quantitative results in the literature have led to some fundamental misunderstandings and false anticipations, which we intend to remedy first in the next two subsections.
Apparent contact angle versus effective slip
A SHPo surface is commonly defined as a surface on which water forms a contact angle over 150° (Quéré 2005) and rolls off easily. In contrast, on a smooth surface of any hydrophobic material, the contact angle of water has never been found larger than ~120°. It is well understood that such a highly water-repelling property can be obtained if a surface is both chemically hydrophobic and physically rough, whether found in nature (Barthlott and Neinhuis 1997) or artificially created . Liquid wetting on rough surfaces is commonly elucidated by two classical models-Wenzel model (Wenzel 1936) and Cassie (or Cassie-Baxter) model (Cassie and Baxter 1944) .
Wenzel model describes the state in which a liquid wets the surface roughness to form a solid-liquid homogeneous interface, while Cassie model describes the state in which a liquid wets only the top surfaces of the roughness to form a heterogeneous interface of solid-liquid and gas-liquid. In Wenzel model, the apparent contact angle is given by cos θ apparent = r cos θ, where r is the ratio of the actual liquid-solid contact area to the projected area and θ is the intrinsic contact angle on a smooth surface. According to the Wenzel model, roughness (r > 1) amplifies surface wettability; that is, roughness makes a hydrophilic surface appear more hydrophilic and a hydrophobic surface more hydrophobic. In Cassie model, on the other hand, the apparent contact angle is expressed as cos θ apparent = φ s cos θ − φ g , where φ s is the ratio of the 1 We use SHPo instead of the more common SHP or SH to avoid confusion with superhydrophilic (SHPi), which is important for other related disciplines (e.g., coating, heat transfer, optics). Furthermore, the H in SHPo and SHPi are kept (instead of the shorter SPo or SPi) to differentiate them from the likes of superlyophobic, superoleophobic, and superomniphobic (Liu and Kim 2015) . If hypothetically there exists a gas layer between a liquid and a solid, a liquid would flow with a large effective slip length because the gas has a much lower viscosity than the liquid. c When a composite interface with solid and gas is formed on a structured surface, a liquid may flow with an effective slip length approaching that of (b)
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Page 3 of 20 176 liquid-solid contact area to the projected area (i.e., solid fraction) and φ g is the ratio of the liquid-gas interfacial area to the projected area (i.e., gas fraction). 2 For the Cassie model, roughness always increases the apparent contact angle; that is, roughness makes any surface appear less hydrophilic (i.e., more hydrophobic). Although both Wenzel and Cassie models predict that the apparent contact angle becomes larger than the intrinsic contact angle if a hydrophobic surface is roughened, the slippage effects expected from the two models are significantly different. The Cassie state (or partially wetted state) can provide a significant slip effect because of the gas in between surface structures. The much lower viscosity of a gas compared to a liquid (typically by 2-3 orders of magnitude, e.g., the water-to-air ratio of ~50, at room temperature) gives rise to the effective slip even under the conventional no-slip assumption. In comparison, the Wenzel state, with the liquid in between the structures, would provide a negligibly small effective slip despite the large apparent contact angle. To have a large effective slip, not only a SHPo surface (e.g., rough and hydrophobic surface) is needed but also its wetting state should be SHPo (i.e., Cassie state) during the flows. However, it should be further understood that the SHPo state is merely a necessary condition for an effective slip, as explained next.
Large contact angle does not mean a large slip
We are compelled to emphasize that the apparent contact angle, which is the most common property used to characterize a SHPo surface, should not be construed as the measure of liquid slip or drag reduction. It is unfortunate that numerous publications on SHPo surfaces casually claim their utilities for drag reduction simply because they exhibit a large contact angle. For example, on a certain surface structure, water in Cassie state may have an apparent contact angle nearly 180º but only a negligibly small slippage. As a matter of fact, as discussed in the previous section, even water in a Wenzel state (i.e., negligible slip) may have an apparent contact angle over 150°.
In this review, we will establish that the contact angle, which can be easily measured and readily calculated by the solid fraction on a Cassie surface, is simply one of the 2 Often considered is a roughness truncated on top with the liquid contacting only the top surfaces and the liquid-gas interface staying flat and in line with the top surfaces. In this simple case (i.e., both the liquid-gas and liquid-solid interfaces in flush configuration) commonly found in the literature, including Fig. 1c , the projected area can be divided into a liquid-solid and a liquid-air interface, i.e., φ s + φ g = 1, so that the Cassie-Baxter equation becomes cos θ apparent = φ s cos θ − (1 − φ s ) or cos θ apparent = (1 − φ g ) cos θ − φ g . parameters that affect the amount of slip. Fortunately, the recent advances in the field have made it possible to quantitatively predict the slip length from the geometry of the surface structures, as summarized in Sect. 2. Once known, the slip length can predict the amount of drag reduction in a laminar flow system based on the flow geometry of the system, as summarized in Sect. 1.2.
The motivation of the critical review
To obtain slip lengths sufficiently large for a target application, we have to firstly understand what factors determine the slip length on SHPo surfaces. However, the numerous experimental studies in the literature have reported (many erroneously, as discussed in Sects. 3.2.5 and 3.3.5) a wide range of slip lengths spanning from tens of nanometers to even millimeters on SHPo surfaces consisting of regular (periodic) structures (Ou et al. 2004; Ou and Rothstein 2005; Choi et al. 2006; Davies et al. 2006; Truesdell et al. 2006; Maynes et al. 2007; Steinberger et al. 2007; Byun et al. 2008; Lee et al. 2008; Tsai et al. 2009; Jung and Bhushan 2010; Lee and Kim 2011a; Kashaninejad et al. 2012; Kim and Hidrovo 2012; Maali et al. 2012; Karatay et al. 2013; Bolognesi et al. 2014; Lee and Kim 2014) or random structures (Watanabe et al. 1999 (Watanabe et al. , 2003 Gogte et al. 2005; Choi and Kim 2006a; Joseph et al. 2006; Bhushan et al. 2009; Govardhan et al. 2009; Shirtcliffe et al. 2009; Wang et al. 2009; Kim and Hwang 2010; Li et al. 2010; Wang and Bhushan 2010; Ming et al. 2011; Srinivasan et al. 2013) . Sometimes orders-of-magnitude differences in the measured slip lengths were reported even on structurally similar SHPo surfaces (e.g., Lee et al. 2008 vs. Truesdell et al. 2006 , testifying the difficulty to accurately measure the slip lengths.
The large disparities in slip lengths among different studies made it difficult to fully understand the relationship between the surface features of SHPo surfaces and the slip length. Following early work (Philip 1972a, b) , many analytical models about slip lengths on simple SHPo surfaces have been developed (Lauga and Stone 2003; Ybert et al. 2007; Sbragaglia and Prosperetti 2007a, b; Davis and Lauga 2009a, b; Feuillebois et al. 2009; Belyaev and Vinogradova 2010a, b; Davis and Lauga 2010; Asmolov and Vinogradova 2012; Cottin-Bizonne et al. 2012 ) and corroborated by numerical simulations (Cottin-Bizonne et al. 2003 Priezjev et al. 2005; Hendy and Lund 2007; Biben and Joly 2008; Hyvalouma and Harting 2008; Teo and Khoo 2008; Cheng et al. 2009; Wang 2009, 2010; Teo and Khoo 2010) . By fabricating near-perfect microstructures in an extremely clean condition, Lee et al. (2008) succeeded to measure the slip length as a function of surface features, finally verifying the early theoretical models (Lauga and Stone 2003; Ybert et al. 2007 ) quantitatively and bringing a conclusion to the issue.
3
Today we understand how SHPo surfaces would reduce the drag of liquid flows much better than the early 2000s, prompting us to look back and put together the community's achievement in a coherent manner at least for laminar flows. As the slip length on a given SHPo surface and the resulting drag reduction in a laminar flow system are now quantitatively predictable, in this review we apply the available analytical predictions to the laminar experimental data in the literature and discuss why the measured slip lengths scattered so much in early years. Despite the advancement in knowledge, however, so far no drag reduction has been reported in realistic flow conditions. Since the main culprit is the deterioration of the entrapped gas layer on the structured surfaces fully immersed in water (called "plastron" by many today), at the end we discuss the recent efforts to bring about SHPo surfaces that can maintain the plastron. This review aims to help readers predict the slip length of SHPo surfaces and design own SHPo surfaces for their flow applications.
Liquid slips on SHPo surfaces: theoretical predictions
Analytical models and numerical simulations are useful tools in understanding slip lengths in laminar flows on a few simple surface patterns such as grates (ridges, trenches) (Philip 1972a, b; Lauga and Stone 2003; Belyaev and Vinogradova 2010a; Asmolov and Vinogradova 2012) , posts (pillars) (Ybert et al. 2007; Davis and Lauga 2010) , and holes (Ybert et al. 2007; Davis and Lauga 2009a) , as shown in Fig. 2 . Also, the heights of the structures are assumed uniform, resembling the truncated roughness shown in Fig. 1c . In these models, generally assumed is there no slip on the liquid-solid contact and shear-free conditions (i.e., an infinite slip length) at the liquid-gas interface. According to these studies, for a given pattern type, the structural pitch (i.e., periodicity of the surface structures) and the gas fraction (or solid fraction) are the two most important parameters in determining slip lengths.
Influence of structural parameters on slip length
On grates parallel to a liquid flow, the slip length is expressed as a function of the gas fraction and the structural pitch (Philip 1972b; Lauga and Stone 2003) :
where L is the structural pitch of a grate pattern (i.e., center-to-center distance between two adjacent grates). On grates transverse to a liquid flow, a slip length is given as (1) δ L = ln sec πφ g /2 π a half of that on grates parallel to a liquid flow (Lauga and Stone 2003) :
Analytical solutions for slip lengths on posts were derived for large gas fractions (i.e., φ g > 0.3) as follows (Davis and Lauga 2010) :
In case of holes, a logarithmic dependency of slip length on gas fraction was derived analytically (Ybert et al. 2007) :
where A and B are prefactors obtained by numerical simulations. For an example, in the case of circular holes at a gas fraction between 0.25 and 0.78, they were obtained as A = 0.134 and B = −0.023 (Ng and Wang 2010) . These analyses assumed the simple Cassie state where φ s + φ g = 1; see the footnote in Sect. 1.4.
The expressions of slip lengths on the simple surface patterns of Fig. 2 predict that slip length depends proportionally on the structural pitch and logarithmically (for grates and holes) or algebraically (for posts) on the gas fraction. As a result, the slip length on posts increases much more steeply at high gas fraction compared to grates and holes.
(2) δ L = ln sec πφ g /2 2π The different functional expression of slip length on each pattern type can be physically understood using a simple scaling analysis (Ybert et al. 2007 ). According to the scaling analysis, at a high gas fraction, the average slip velocity is scaled as u s ∼ U and the frictional stress is only applied on the solid area as σ w ∼ η(1 − φ g )U/a, where U, η, and a are the far field liquid velocity, liquid viscosity, and the typical size of the solid area, respectively. Then, from the definition of the slip length (σ w = ηγ w and u w = δγ w , where γ w and u w represent wall shear rate and wall slip velocity, respectively), the effective slip length is given by δ ∼ a/(1 − φ g ). For grates (1 − φ g = a/L), this scaling law is simplified to be δ ∼ L, while for posts (1 − φ g = (a/L) 2 ) it is simplified to be δ ∼ L/ 1 − φ g . Both cases are in good agreement with the exact solutions.
Secondary influences on slip length
Deviations from the simple conditions
According to the above prediction, the slip length can be considered as a property of a given surface, with the structural pitch and gas (or solid) fraction being the only determinants of slip lengths for a given pattern type. Although invaluable for their ability to guide in the design of SHPo surfaces, the above analyses were based on the assumption of a simple (flush) Cassie state (i.e., φ s + φ g = 1) and a shear-free meniscus. In reality, a SHPo surface may not have a truncated roughness (i.e., flat top surfaces); the liquid-air interface may not stay flat or anchored to the structure top; and the liquid-air interface is not totally shearfree. These deviations further influence the slip length.
A pressure difference between the trapped gas and surrounding liquid would cause the liquid-air interface to deviate from the simple Cassie state, as illustrated in Fig. 3 . A deviation from the flush state can be considered as a combination (Fig. 3c ) of the displacement (departure) of the menisci from the structure top ( Fig. 3a ) and the deformation (curving) of the menisci from the flat shape ( Fig. 3b ). In view of the Cassie states, displacement into the structures means the liquid contacts more than the top surfaces (i.e., φ s > 1 − φ g even if no deformation), and deformation means the meniscus has a larger area than the flat shape (i.e., φ g > 1 − φ s even if no displacement).
Meniscus displacement
We will start with the deviation from the flush state by the meniscus displacement as illustrated in Fig. 3a , because it tends to affect the slip length most significantly. Here, displacement means the contact line of the liquid-gas interface is depinned from the top corner of the surface structure and slides away from it. If the meniscus (while assuming flat) intrudes (penetrates into) the void of the surface structures ( Fig. 3a-bottom) , the slip length would decrease according to the theoretical studies of (Biben and Joly 2008; Ng and Wang 2009 ). A numerical study shows that even a very small amount of penetration can lead to a non-negligible amount of decrease in the slip length (Biben and Joly 2008; Teo and Khoo 2010) . On the other hand, if the flat meniscus is detached off the surface structures, as shown Fig. 3a top, a uniform gas layer resembling Fig. 1b will provide a very large (infinite if shear-free interface is assumed) slip length. Although provided here to complete the cases, such a uniform gas layer exists only hypothetically as discussed in Sect. 1.3.
Meniscus deformation
The deviation from the flush state by the meniscus deformation, as illustrated in Fig. 3b , has been analytically tackled in (Sbragaglia and Prosperetti 2007a; Davis and Lauga 2009b; Teo and Khoo 2010) , which showed the deformation generally decreases the slip length. When the meniscus is deformed downwardly into the structures (Fig. 3b -bottom) while anchored on top of the structures, it leads to the decrease in slip length (Sbragaglia and Prosperetti 2007a; Davis and Lauga 2009b; Teo and Khoo 2010) . However, if the meniscus is deformed upwardly into the liquid while anchored on top of the structures (Fig. 3b-top) , the slip length may slightly increase from that of the flush state. According to the analytical model (Davis and Lauga 2009b) , the increase peaked at the protrusion angle (i.e., the angle the meniscus forms with respect to the surface) of about 10°. However, if excessive (>30°), the upward deformation drastically decreases the slip length, and for the protrusion angle larger than 60° the slip length becomes even negative (i.e., the frictional drag larger than that on the smooth surface) (Davis and Lauga 2009b ). An early theoretical study (Richardson 1973 ) presented a similar argument that even a perfectly slipping interface can lead to a no-slip boundary condition if the interface is corrugated enough (i.e., similar to Fig. 3a -top but with the liquid-gas interface in a sinusoidal shape). Figure 3c illustrates the meniscus being both displaced and deformed. Since for Fig. 3a -bottom the meniscus is depinned and pushed downward most likely by the liquid pressure, in reality the meniscus is likely deformed downwards as well, as shown in Fig. 3c -bottom. Adding the effect of downward displacement and downward deformation, this meniscus shape is expected to lead to a decreased slip length compared with the flush condition. On the other hand, if the depinned contact line spreads on the top surface of the structures (Fig. 3c -top) for example due to the shear of the liquid flow as shown in the numerical study of Gao and Feng (2009) , the overgrown gas pockets may enhance the slip. In addition, the neighboring gas pockets may merge to form larger pockets and further increase the slip, the hypothetical case of Fig. 3a -top being the ultimate. While this merged gas pockets will provide a very large slip length when present, they are unstable and expected to exist only temporarily. These overgrown gas layers are more common on irregular structures, which will be addressed in Sect. 3.3.
Meniscus displaced and deformed
Meniscus with finite slip
For the deviation from a shear-free meniscus, i.e., the effect of a finite dissipation at the liquid-gas interface, Ybert et al. (2007) reported that the modified slip length δ modified can be generally expressed using the following heuristic formula where δ gas is the slip length at the uniform liquid-gas interface with no meniscus displacement or deformation but only considering the finite viscosity effect of the gas, and δ is the predicted slip length from Eqs. (1-4). When the gas flows with the liquid in the same direction, δ gas can be estimated based on the shear stress balance at the liquid-gas interface such as δ gas = h(η liquid /η gas − 1), where η liquid and η gas are the viscosities of liquid and gas, respectively, and h is the thickness of a gas layer. A similar formula has also been proposed by Hendy and Lund (2007) , and its prediction has been shown to agree well with the numerical results for grates. Specifically, the analytical solution on grates has been derived by Vinogradova and co-workers Asmolov and Vinogradova 2012; Belyaev and Vinogradova 2010a, b; Vinogradova and Belyaev 2011) . For flows parallel to the grates, the modified slip length is given by the following equation.
For flows transverse to the grates, the modified slip length can be predicted by the following equation.
Not surprisingly, all of the above equations predict the slip length will decrease if the liquid-gas interface is not shear free.
The above analyses assumed the lubricating gas flows with the liquid in the same direction. However, in most cases the gas should be kept on the SHPo surface as a plastron. As the liquid flows over the surface, the trapped gas would circulate inside the tight space between the liquid and the substrate, entailing a viscous friction larger than the above predictions (i.e., smaller δ gas ). This further deviation from the shear-free meniscus assumption was later investigated theoretically by Busse et al. (2013) . The effect of the confined gas on the overall slip length was introduced into the analytical model for flows transverse to the grates by Nizkaya et al. (2014) .
Additional influences
In addition to the liquid-gas meniscus, other factors may influence the slip length albeit in a less pronounced way. Reynolds number (Cheng et al. 2009; Hyvalouma and Harting 2008) , a confinement condition (the channel height being much smaller than the free surface distance between structures) (Philip 1972a; Sbragaglia and Prosperetti 2007a) , and a slip on solid patches (Choi et al. 2006; Cottin-Bizonne et al. 2004; Hendy and Lund 2007; Ybert et al. 2007 ) can affect slip lengths under certain conditions.
General effect of the secondary influences
As will be discussed in the following sections, some of these secondary influences-especially the displacement of the meniscus-might be a key to understanding the disparity of slip lengths observed in many experimental studies, although it is not easy to quantify their influences in actual experiments. As discussed above, other than a couple of exceptions most of these secondary factors hamper the slippage and reduce the slip lengths.
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Irregular (random) structures: compared with regular structures
Although it is difficult to quantify, several recent theoretical and numerical works have investigated a slip length on irregularly patterned structures (Feuillebois et al. 2009; Vinogradova and Belyaev 2011; Samaha et al. 2011; Cottin-Bizonne et al. 2012 ). Samaha et al. (2011) showed that randomly arranged posts render a slightly more slippage than regularly arranged posts of the same solid fraction. However, the random posts exhibited lower stability against the wetting transition, leading to the smaller slip lengths at a given liquid pressure. Cottin-Bizonne et al.
(2012) studied the slip length on one-dimensional and twodimensional fractal structures (i.e., uniform height) both analytically and numerically, and demonstrated that hierarchical fractal structures always underperformed in terms of the slip length compared with single-scale post structures of the same gas fraction. Also, unlike post structures, the slip length does not increase divergently on hierarchical fractal structures even at an infinitely high gas fraction. Note, however, hierarchical fractal structures are likely to outperform when it comes to the plastron stability. Theoretical studies of irregular structures have been limited to the structures of a uniform height (i.e., truncated on top), while in reality the irregularity in the structure height plays a much more important role, as will be discussed in Sect. 3.3.
Liquid slips on SHPo surfaces: experiments 3.1 Measurement techniques of slip length
In measuring slip lengths on SHPo surfaces, several different experimental techniques have been employed, many of which were similar to those used in a slip study on smooth surfaces (Neto et al. 2005) . Figure 4 lists the measurement techniques used in the experimental studies. The slip measurement approach can be largely classified into direct methods and indirect methods. In the case of direct methods, the slip length is obtained from a velocity profile optically probed on a SHPo surface. In indirect methods, the slip length is estimated from other measurable properties, such as the flow rate or shear stress, which are affected by the slip.
In an indirect way, one can investigate the slip from the relationship between pressure drop and flow rate across a channel whose inner surfaces are at least partially SHPo, as shown in Fig. 4a . The slip length can be deduced from the flow rate increase or pressure drop decrease by the slip (Watanabe et al. 1999; Ou et al. 2004; Choi et al. 2006; Jung and Bhushan 2010; Shirtcliffe et al. 2009; Kim and Hwang 2010; Kashaninejad et al. 2012; Kim and Hidrovo 2012; Lee and Kim 2014) . For example, in a microchannel with a circular cross section, the volume flow rate Q driven by the pressure gradient dP/dx can be expressed as a function of slip length δ as shown in the following equation.
where r is the channel radius and η is a liquid viscosity. While this approach is simple in principle, its implementation is limited by the liquid intruding the microstructures even at a relatively small pressure (e.g., 1 kPa) or by small bubbles trapped inside the hydrophobic channels. Although the liquid intrusion into the surface structures reduces the slip length as reported in Sect. 2.2, additional liquid passage created by the intruded liquid might increase the flow rate through microchannel, leading to the overestimation of the slippage effect (Kim and Hidrovo 2012; Lee and Kim 2014) . Also, the effective liquid viscosity might undergo a slight change during measurement depending on the solubility of gas in water . Lastly, it is not always easy to estimate the actual channel geometry when the SHPo structures are directly generated inside the channel or the channel experiences a deformation when the microchannel is not sufficiently rigid.
As shown in Fig. 4b , micro-particle image velocimetry (micro-PIV) has been widely used as a direct way to measure a velocity profile close to the wall and extract a slip length from the measured velocity profile (Gogte et al. 2005; Ou and Rothstein 2005; Joseph et al. 2006; Byun et al. 2008; Tsai et al. 2009; Karatay et al. 2013; Bolognesi et al. 2014) . In this method, fluorescent particles dispersed in water are used as a tracer for the liquid velocity. It has advantages over other methods in that it not only detects a slip length in a direct way but also provides detailed spatial information of the slip on SHPo surfaces, where the interfacial boundaries are intrinsically heterogeneous. Micro-PIV is known to measure a slip length with an accuracy of 100 nm at best, as its accuracy is limited by the determination of the wall location and the interaction of particles with the wall (Joseph and Tabeling 2005) . While a direct way to measure the slip length, PIV is not a direct way if one wants to obtain the drag of a flow, for which shear force reading is an example of a direct method.
Another indirect approach to slip measurement is to measure shear stress or frictional drag on a SHPo surface (Choi and Kim 2006a; Truesdell et al. 2006; Steinberger et al. 2007; Lee et al. 2008; Bhushan et al. 2009; Govardhan et al. 2009; Wang et al. 2009; Li et al. 2010; Lee and Kim 2011a; Ming et al. 2011; Maali et al. 2012; Srinivasan et al. 2013) . Despite its relatively low accuracy (>1 µm in measurable slip length), the commercial rheometer has shown to be a convenient tool when measuring a (8) Q = − πr 4 8η dP dx 1 + 4δ r large slip length (e.g., >5 µm), as shown in Fig. 4c (Choi and Kim 2006a; Truesdell et al. 2006; Lee et al. 2008; Li et al. 2010; Ming et al. 2011; Lee and Kim 2011a; Srinivasan et al. 2013) . Not being pressure-driven, the typical surface structures are not intruded by the liquid. In a rheometry measurement, the liquid is squeezed between a cone (or a plate) and a SHPo surface, and is sheared by a rotating cone. Then, the resultant torque is used to estimate a slip length. In this cone and plate configuration, the relationship between the torque and slip length is given by the following equation (Lee et al. 2008) .
where θ 0 , Ω, and R are cone angle, applied angular velocity, and cone radius, respectively. For accurate measurement of slip lengths using rheometry, the influence of liquid-gas
Rθ 0 + δ δ meniscus along the outer edge of the cone or plate should be taken into proper consideration Choi and Kim 2006b; Lee et al. 2008) . Different wettability of the tested surfaces can induce different effective liquidsolid contact line and liquid-gas meniscus shape at the cone edge as well as the effective liquid volume to be sheared. One way to minimize this effect is forming a trench ring or a hydrophilic patch at the location of the cone edge on the sample surface and pinning the contact line of the meniscus there (Lee et al. 2008; Srinivasan et al. 2013) . Also, a custom-built strain gauge can be used to measure the shear stress applied on SHPo surface. A strain gauge has been incorporated into microfluidic channel to measure shear stress at a given flow rate (Govardhan et al. 2009 ). A better precision can be obtained with atomic force microscopy (AFM) Wang et al. 2009; Maali et al. 2012) or surface force apparatus (SFA) (Steinberger et al. 2007) , which were initially applied to Page 9 of 20 176 measure the nanometric slips on a smooth surface (Neto et al. 2005) . In AFM, a drainage force is measured when a sphere is approaching the SHPo surface, and a slip length is estimated by comparing the measured force to the theoretical model (Fig. 4c) . In SFA, a force response of a sphere vibrating close to a surface can be used to measure the slip length (Steinberger et al. 2007 ). AFM and SFA have the limitation for slip measurement on anisotropic surface structures, and the confinement effect on the slip lengths might become non-negligible with the gap between the probe and surface being comparable to the length scale of the SHPo surfaces.
Proper choice of measurement techniques is crucial for accurate quantification of slip lengths. Also, the accuracy of each measurement system should be taken into proper consideration in measuring slip lengths. The experimental accuracy might be roughly estimated by measuring the slip length on a nonslip surface such as a clean hydrophilic surface.
Slip measured on regularly structured SHPo surfaces
Collection of slip length data
Many experimental studies have been conducted on regularly structured (e.g., Fig. 2) hydrophobic surfaces, which were usually fabricated by photolithography or molded from a lithographically patterned master. Well-defined structural features on regular structures make the comparison between experimental data and the theoretical predictions easier, helping to establish the correlation between structural features and slip lengths. The experimentally tested regular structures were of simple patterns such as grates (either parallel or transverse to liquid flow) (Ou et al. 2004; Ou and Rothstein 2005; Choi et al. 2006; Davies et al. 2006; Truesdell et al. 2006; Maynes et al. 2007; Byun et al. 2008; Lee et al. 2008; Tsai et al. 2009 Fig. 5a , the slip length is presented as a function of the structural pitch to compare with the predicted trend that the slip length should be proportional to the structural pitch, i.e., δ ∝ L. In Fig. 5b , the non-dimensionalized slip length (δ/L) is presented as a function of the gas fraction along with theoretical predictions for each pattern type. The measured slip lengths on parallel or transverse grates are plotted in Fig. 5b-1 , and those on posts and holes are in Fig. 5b-2 . Since the graphs had to be drawn on a log-log scale to accommodate all the widely spread data in the literature (except Kim and Hidrovo 2012) , note the data reporting large slip lengths deviate more in reality than how they appear in the first sight.
Flow rate versus pressure drop
Flow rate versus pressure drop in the microchannels was used for slip measurement in several studies. Ou et al. (2004) reported effective slip lengths up to tens of micrometers on microgrates and microposts and found that the slip length increased with air fraction of the surface structures. In these studies, they fixed the grate width and the post diameter and increased their pitch (periodicity) to increase the gas fraction; the structural pitch and gas fraction varied concurrently. To compare with the theoretical prediction (the lines in Fig. 5b) , we isolated the effect of the structural pitch from that of the gas fraction based on the geometric information available. On grates, the measured slip length agreed with the theoretical values at air fraction of 0.8 but overperformed at lower air fractions. On posts, on the other hand, the measured slip length agreed with the theoretical values at the air fraction of 0.75 but underperformed significantly at higher air fractions, perhaps due to liquid intrusion. They also verified that the amount of drag reduction decreased when the channel height (i.e., the characteristic length scale) increased, as theoretically predicted in Sect. 1.2. Choi et al. (2006) investigated the effect of directionality of grates on liquid slip. Designed mainly to sustain a large liquid pressure (more than 1 atm), the nanometerscale pitch produced slip lengths below a micrometer, agreeing with the theoretical prediction. Slip lengths of 143 and 61 nm were reported when the grates were parallel and transverse, respectively, to the liquid flow. This ratio was consistent with the 2:1 ratio theoretically predicted by Lauga and Stone (2003) . Interestingly, their measured slip lengths were somewhat larger than the theoretical values. It was conjectured that the intrinsic slip on the hydrophobic top surfaces of the grates (tens of nanometers) is not negligible compared with the nanometer-scale structural pitch and slip length, thus contributing to the overall slip. Jung and Bhushan (2010) tested the SHPo surfaces with various length scales-microposts, nanostructures, and hierarchical structures. For the surface with a regular pattern-microposts, their results showed a large deviation from the theoretical prediction. Moreover, they reported more than 20 µm slip length on smooth hydrophobic surfaces, raising questions about the validity. The large discrepancy might be attributed to the additional flow due to the channel expansion during the pressure-driven flows. Kim and Hidrovo (2012) characterized the friction reduction in the microchannel patterned with grates transverse to the liquid flow and correlated it with the wetting state on the surfaces. Interestingly, they demonstrated that the frictional characteristics on the SHPo surfaces could be best characterized by the no-slip condition at the liquid-air interface, which was attributed to the immobilization of the liquid-air interface due to the contamination or interface geometry. Kashaninejad et al. (2012) tested the eccentricity effects of microhole arrays on the slip lengths by tracking the location of the advancing liquid front at a given applied pressure. Their measured slip lengths of about 1-3 µm agreed well with the theoretical prediction, and the pronounced effects of microhole eccentricity on the slip lengths was reported on microhole arrays with a higher gas fraction. Lee and Kim (2014) measured the slip length on post arrays while varying the post diameter at a fixed pitch of 12 µm, and their measured slip length showed a good agreement with the theoretical prediction. They showed that SHPo surface might not be the best surface in enhancing the flow rate in microchannels because the space occupied by microscale features can be used as additional liquid passage instead.
Micro-PIV
To measure the slip lengths directly, micro-PIV has been employed in several studies. Ou and Rothstein (2005) measured the slip velocity on the SHPo surfaces using micro-PIV and correlated them with the pressure drop reduction in the microchannel. Byun et al. (2008) shed light on how a liquid-gas meniscus affects the slip length. Their specially designed microchannel enabled a direct visualization of a liquid-gas meniscus during slip measurement. The measured slip lengths using micro-PIV ranged from 0.4 to 5.4 µm, smaller than the theoretical predictions (1-13 µm), which was explained by a wetting transition (i.e., liquid intrusion) visually observed during the measurement. Tsai et al. (2009) measured slip lengths on PDMS microgrates as well as on porous polyvinylidene fluoride (PVDF) microgrates. The measured range of slip length was between 0.5 and 2.5 µm, and PVDF microgrates exhibited a slightly more slippage than PDMS microgrates. Those slip lengths were smaller than the theoretical prediction. Bending of a liquid-gas meniscus into the gas space and a confinement effect were accounted for their smaller slip lengths.
The influence of a protruding liquid-gas meniscus was investigated using micro-PIV in Karatay et al. (2013) . In
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Probing local slippage on a SHPo surface using micro-PIV, Bolognesi et al. (2014) made a similar observation with Kim and Hidrovo (2012) that there is no slippage on the liquid-gas interface. They suggested that the contamination of the liquid-gas interface by particles or PDMS could be the possible cause for the immobilized liquid-gas interface. Indeed, it was recently demonstrated that the intentional contamination of the liquid-gas interface by a surfactant leads to the immobilized liquid-gas interface (Schäffel et al. (2016) ).
Shear stress measurement
Shear stress measurement on SHPo surfaces was used to measure the slip lengths in many studies. Measuring the shear on microgrates of 50 µm pitch and 0.5 air fraction using rheometry, Truesdell et al. (2006) reported a giant slip length reaching 1 mm. Their measurement was corroborated by velocity profile measurement using PIV. The microgrates were formed from PDMS and coated with a thin layer of a SHPo material, creating a hierarchical SHPo structure. Their abnormally large slip was attributed to the secondary SHPo coating (thus gas pockets) on the top surface of the microgrates. However, recent theoretical (Cottin-Bizonne et al. 2012) and experimental (Lee and Kim 2011a ) studies about slips on hierarchical structures suggest that an additional slip by the secondary roughness could not be that significant. Overall, the slip length 2-3 orders-of-magnitude larger than the prediction is difficult to explain. Lee et al. (2008) conducted a systematic study to investigate the influence of two surface parameters (i.e., structural pitch and solid fraction) of microgrates and microposts on slip length using cone-and-plate rheometry. In theory, the slip can be increased as far as the structural pitch or gas fraction increases, but in reality the liquid intrudes into large voids easily, limiting the experimentally obtainable slip. Developing defect-free samples (i.e., no missing or damaged structures) and taking advantage of the low pressure (i.e., 200-300 Pa) in their rheometry setup, they were able to test very large gas fractions (up to 0.98 and 0.99 for grates and posts, respectively, at 50 µm pitch) and very large structural pitches (up to 200 and 60 µm for grates and posts, respectively, at 0.98 gas fraction) before encountering the wetting transition. On grates and posts, slip length increased rapidly with gas fraction and linearly with pitch, showing an excellent agreement with the theoretical predictions (Lauga and Stone 2003; Ybert et al. 2007; Davis and Lauga 2010) (Fig. 5b) . Although at the same gas fraction, posts outperformed grates in terms of slip length, further consideration led to the conclusion that grates are more advantageous for slip lengths over posts due to their higher stability against wetting transition. This study conveyed two important messages about frictional drag reduction using SHPo surfaces. First, a giant slip length more than 100 µm could be obtained only under well-controlled laboratory conditions (e.g., low liquid pressure and no surface defects). Second, it showed that a compromise between a wetting transition and a slippage effect should be considered in designing SHPo surfaces for the drag reduction. Generally, a SHPo surface capable of providing a large slip length (e.g., large pitch and high gas fraction) is more vulnerable to wetting transition.
Measuring the liquid drainage force with SFA on an array of holes, Steinberger et al. (2007) measured much smaller slip lengths than the theoretical values. Through numerical simulation and elasticity measurements, they demonstrated that the protruding bubbles over holes decreased the slip, which was also supported by another analytical and numerical result (Davis and Lauga 2009b) and experimental measurement (Karatay et al. 2013 ). More interestingly, their work showed a counterintuitive result that the slip length on non-wetted surfaces (20 nm) was actually smaller than that on wetted surfaces (105 nm), demonstrating that a trapped gas on structured surface does not always help reducing the liquid drag. Using a drainage experiment of water with a colloidal probe AFM, Maali et al. (2012) measured the slip lengths on microposts. They showed that the local slip lengths (i.e., 119 nm) on the solid patches were smaller than those (i.e., 356 nm) on the liquid-air interface as expected, and the effective slip length of 268 nm was calculated by considering the relative contribution of local slip lengths to the overall slip length. In this study, the deviation from the theoretical prediction was explained by the curvature effect of the liquid-air meniscus.
Discussion
Most of the experimental data on patterned surfaces showed a qualitative agreement with the analytical prediction, but quantitatively often the measured slip lengths were lower. In experiments using microchannels, the liquid pressure may deform a liquid-air meniscus (Tsai et al. 2009) or partially or completely intrude the liquid into the voids (Byun et al. 2008; Kim and Hidrovo 2012; Karatay et al. 2013) , which results in the decrease of liquid slip. Also, the liquid-air interface might become immobilized due to contamination or geometric condition (Kim and Hidrovo 2012; Bolognesi et al. 2014 ). This meniscus-induced slip decrease is expected to be more pronounced on microstructures with a larger structural pitch and a higher gas fraction. Also, the confined flow condition (i.e., a small channel height 1 3 compared with the structural pitch) inside microchannel can contribute to a further decrease in slip length (Maynes et al. 2007; Tsai et al. 2009 ) under certain conditions, as predicted by analytical analyses (Sbragaglia and Prosperetti 2007a; Feuillebois et al. 2009 ) and numerical simulation (Cheng et al. 2009 ). Lastly, the circulation of the entrapped gas within the microstructures may have decreased the slip length in some cases significantly, as explained by Busse et al. (2013) . Those additional factors may explain why many reported slip lengths are smaller than predicted.
Although less often, the measured slip lengths were also found larger than the analytical predictions. The relatively higher values may be explained by the possibilities of expansion of flexible microchannels by pressure (Sect. 3.2.2), added liquid passage in the surface structures (Lee and Kim 2014) , and the intrinsic slip on the nanometer-scale solid surfaces (Choi et al. 2006) , etc. However, the very large discrepancies (e.g., Truesdell et al. 2006) cannot be explained well unless we invoke the possibility of a thick gas layer overgrown on the microstructures as discussed in Sect. 2.2.4.
Slip measured on randomly structured SHPo surfaces
Collection of slip length data
Many experimental studies used randomly structured hydrophobic surfaces for their ease of fabrication and perceived relevance to practical applications. The experimentally tested random structures were made by a variety of fabrication methods, such as black silicon etching (Choi and Kim 2006a) , metal oxidation (Shirtcliffe et al. 2009 ), growing nanofibers or nanotubes (Joseph et al. 2006; Kim and Hwang 2010; Li et al. 2010; Ming et al. 2011) , and particle spray coating (Srinivasan et al. 2013) . Despite the clear drag reduction effect on randomly structured SHPo surfaces, the irregularity of surface structures makes it difficult to extract the geometric information such as a gas fraction and a structural pitch-the two geometric data needed for the theoretical prediction of the slip length. Nevertheless, using somewhat liberal approximations we have managed to form a unified landscape of Fig. 6 , which covers practically all the laminar flow results in the literature (Watanabe et al. 1999; Gogte et al. 2005; Choi and Kim 2006a; Joseph et al. 2006; Govardhan et a. 2009; Shirtcliffe et al. 2009; Wang et al. 2009; Jung and Bhushan (2010) ; Kim and Hwang 2010; Li et al. 2010; Ming et al. 2011; Srinivasan et al. 2013) . For comparison with the theoretical predictions, in Fig. 6a we first assess the experimental data against the confirmed trend that the slip length should be proportional to the structural pitch or, for the case of random structures here, to the length scale of roughness, i.e., δ ∝ L. Then, in Fig. 6b we compare nondimensionalized slip length (δ/L) with the prediction for posts as a function of gas fraction. When the roughness scale and gas fraction were not available, i.e., not mentioned explicitly in the paper, we estimated the roughness scale from the scanning electron microscopy (SEM) images of the surface and the gas fraction from the apparent contact angle θ apparent using the Cassie-Baxter equation cos θ apparent = (1 − φ g ) cos θ − φ g . When the intrinsic contact angle θ was not available, Page 13 of 20 176 we assumed that θ had a value in between 90° and 120°. Deduction of data was needed in some additional cases, too. Many studies on SHPo surfaces with random structures reported their slip lengths, but some reported only the amount of drag reduction (Gogte et al. 2005; Kim and Hwang 2010) . Since the drag reduction depends not only on the slip length of the SHPo surface of interest but also on the characteristic length scale of the flow system the SHPo surface is tested in as discussed in Sect. 1.2, we roughly converted the measured drag reductions to slip lengths using the geometric information directly or indirectly reported in each article. Despite all these uncertainties, we decided that the value of the unified graph of Fig. 6 outweighs the possibility of some faulty estimations.
Flow rate versus pressure drop
Many studies measured the enhancement of flow rate at a given pressure drop through a channel with its inner walls coated or modified with a randomly structured SHPo surface. Watanabe et al. (1999 Watanabe et al. ( , 2003 reported a 14 % drag reduction using a pipe coated with SHPo surfaces, corroborated by a velocity measurement using a hot film anemometer. They reported a larger drag reduction in a pipe with a larger diameter (12 vs. 6 mm), which contradicts directly with the proven prediction of Sect. 1.2. Also, a drag reduction was observed only under laminar flows; no drag reduction was observed when the liquid flow became turbulent. Shirtcliffe et al. (2009) tested drag reduction using a copper tube whose inside was modified with oxidation and hydrophobic coating, and reported 10-100 µm slip lengths whose magnitude decreased with an increasing flow rate. They attributed the decreasing slip to the weakened stability of the gas layer at large pressures (i.e., high flow rate). Kim and Hwang (2010) fabricated PTFE tube whose inside was covered with nanofibers and measured 50-65 % faster flow rate across the SHPo tube corresponding to 60-80 µm slip length when converted. However, they attributed the fast flow rate to a low contact angle hysteresis rather than the slippage on the trapped gas. Jung and Bhushan (2010) measured slip lengths on various SHPo surfaces including random nanostructures. They reported a slip length of ~90 µm on nanostructures made through selfassembled lotus leaf. However, they also reported more than 20 µm slip length on a smooth surface, which suggests a potential systematic measurement error. Joseph et al. (2006) measured a slip length on carbon nanotube forest, using micro-PIV. Particularly, they varied the structural pitch of nanotube forests systematically and revealed that the slip length increased linearly with a structural pitch, also in good agreement with the theoretical prediction.
Micro-PIV
Shear stress measurement
Several studies directly measured a frictional drag or shear stress applied onto SHPo surfaces. Gogte et al. (2005) reported an order of 10 % drag reduction on a hydrofoil coated with a SHPo surface. The amount of drag reduction was shown to decrease with Reynolds number as well. Choi and Kim (2006a) used a commercial rheometer in measuring the slip length on tall and sharp nanoneedles with air fraction close to 1. They reported a 20 µm slip length with water, suggesting that a larger slip length than the length scale of the structural pitch would be possible in the extreme case of the air fraction close to 1, which can also be predicted in Eq. 3. They also showed that slip length increased linearly with a viscosity of test liquids, agreeing with the theoretical prediction of the slip length for a liquid flowing over a solid surface covered with a uniform layer of gas, i.e., δ = h(µ liquid /µ gas − 1). Also, Li et al. (2010) measured slip length on carbon nanotube pillars using a similar rheometer system and reported up to 6 µm slip length at a low shear rate with an uncertainty level of ±2 µm. At a high shear rate, the slippage effect was observed to disappear as a wetting transition occurred. In another study by the same group (Ming et al. 2011) , they demonstrated that slip length increased as the distance between adjacent carbon nanotube pillars increased, in agreement with the theoretical prediction. measured the slip lengths on nanostructured ZnO surfaces using parallel plate rheometry. Slip lengths of about 45 µm were measured on the ZnO SHPo surfaces, but 20-30 µm slip lengths were also measured on the hydrophobic surfaces, suggesting the possibility of a systematic experimental bias. Srinivasan et al. (2013) measured the slip lengths on dual-textured spray-coated SHPo mesh surfaces using parallel plate rheometry while monitoring the location of the liquid-air interface at a given pressure. The reported slip lengths ranged in between 100 and 200 µm, which were comparable to the mesh spacing. Govardhan et al. (2009) measured the flow rate while monitoring the shear stress applied to the wall and reported a higher flow rate on SHPo surface than on a hydrophilic surface at the same applied shear stress. The maximum slip length in their study was about 50 μm, similar to the length scale of roughness on the SHPo surface. They also found that a slip length decreased exponentially over time with a characteristic time of ~1 h. They attributed the decrease of a slip length to a gradual loss of the gas on the SHPo surface. Recently, Bhushan and his colleagues Wang and Bhushan 2010) used AFM to measure the slip length on hydrophilic, hydrophobic, and 1 3
SHPo surface, and reported about 250 nm slip length on SHPo surfaces, which is comparable to the length scale of their roughness.
Discussion
The results with regular arrays of posts ( Fig. 5b-2 )-well established both theoretically (Davis and Lauga 2010) and experimentally (Lee et al. 2008 )-teaches us that the slip length would be smaller than the structural pitch and become comparable to it, i.e., δ/L ~ 1, only at large gas fraction (e.g., δ > 0.9). Although proven for regular structures, it is highly likely that the same trend applies to random structures. However, the results with random structures ( Fig. 6a, b) show that many of the reported data lie way above the reference (broken) line δ = L (Fig. 6a) or the predicted slip length for posts ( Fig. 6b) . These results can be partly attributed to the possibility of an overgrown plastron, for which a liquid contacts only taller structures on random SHPo surface, as illustrated in Fig. 6c , making the effective pitch much larger than the estimated from SEM images. However, the very large pitch of such an overgrown plastron would be only temporary as the liquid pressure will soon increase the contact areas (i.e., reduces gas fraction) and reduce the roughness length (i.e., pitch) to balance the pressure. This trend of deteriorating drag reduction over time or at high flow speeds is consistently reported throughout all the experiments using randomly structured surfaces.
When there is a very large discrepancy between the experimental data and theoretical prediction, a systematic error or bias is suspected in the experiments, particularly when an appreciable liquid slippage effect is also measured on smooth surfaces (Jung and Bhushan 2010; ). In the case of slip measurements using a microchannel lined with random structures, it would be difficult to precisely determine the internal diameter or height of the channel due to the irregular nature of the surface structures. Furthermore, deformation of the channel assembly under the liquid pressure would affect the measurement of flow rates. Even a slight deformation may influence the slip length value because of the small scale of the setup and small flow rate. In the case of slip measurement using commercial rheometry, caution should be taken to minimize the measurement errors associated with the rheometry system, as discussed in Bocquet et al. (2006) and Choi and Kim (2006b) .
Other effects
A few experimental studies (Watanabe et al. 1999; Choi and Kim 2006a) have observed liquid viscosities influencing the slip lengths on random structures. This result is intriguing because such viscosity effect was expected to be marginal according to the theoretical prediction. Since the heights of random structures are not uniform, unlike regular structures, the actual contact area and structural pitch between the liquid and the SHPo surface might be related to the liquid viscosity ( Fig. 6c ). Choi and Kim (2006a) attributed the linear relationship between liquid viscosity and slip length to the dissipation at the liquid-gas interface using a simple gas cushion model, assuming the gas fraction on their nanoneedles is close to 1. However, a simple gas cushion model would not be applicable if the gas fraction was moderate, according to the recent analytical studies (Belyaev and Vinogradova 2010a, b; Vinogradova and Belyaev 2011; Asmolov and Vinogradova 2012) .
Also, several studies (Watanabe et al. 1999; Gogte et al. 2005) have observed the shear rate (or Reynolds number) and liquid pressure influencing the slip lengths on random structures, similar to the case of regular structures. Normally, slip length was shown to decrease as shear rate or liquid pressure increased. This dependency might be attributed to the increased probability of wetting transition on random structures at higher shear rate and liquid pressure, as schematically illustrated in Fig. 6c . Several studies dedicated to wetting transition on SHPo surfaces showed that there is indeed an increased loss of gas from SHPo surface at high shear rates (Sakai et al. 2010 ) and liquid pressure (Poetes et al. 2010 ).
What is preventing the success? Vanishing plastron
The unmistakably large slippages found on many SHPo surfaces in recent years have raised the expectation that they may finally bring about a useful drag reduction in field applications, e.g., marine transportation. Unfortunately, no such success has been reported yet, for several reasons. Leaving the manufacturing of functional SHPo surfaces and the economy of implementing them to the future, here we are obligated to discuss a disheartening reality: the SHPo surfaces will lose its trapped gas, i.e., the plastron, in most realistic conditions. The unavoidable nature of the vanishing plastron is presented and the efforts to combat the problem are listed.
Frailty of plastron on large-slip SHPo surfaces
To realize its true potential, such as an appreciable drag reduction for large-scale fluidic systems (e.g., boats), one needs a SHPo surface that is capable of not only providing a large enough slip but also maintaining the plastron during the service. Following the discussion in Sect. 1.2, we expect a slip length on the order of 10-100 µm for a SHPo surface to be useful for most macroscale applications,
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Page 15 of 20 176 considering the typical boundary layer thickness is in the order of a millimeter. The preceding sections summarized the recent advances found in literature, which now teach us how to design a large-slip SHPo surface reasonably well. As a rule of thumb, a structural pitch comparable to the desired slip length is required, which implies microscale (not nanoscale) structures, whether regular or random, are needed for the slip length in the range of 10-100 µm.
The underlying assumption for all the above predictions was that the plastron exists throughout the usage. However, under water the SHPo surface may lose the plastron via various mechanisms such as gas dissolution and meniscus disruption. When the gas is lost and replaced by the liquid, the effective slip vanishes altogether. Unfortunately, the surfaces that produce larger slips (i.e., large pitch, large air fraction) are more susceptible to the wetting transition, as explained in the previous section. A recent study demonstrated that SHPo surfaces with a useful slip length (i.e., ~100 µm) cannot maintain the plastron if placed under water deeper than several centimeters even if the environment is made perfectly stable (Xu et al. 2014) , confirming the theories formed for such an ideal environment. In contrast, under a usual laboratory environment with temperature and pressure fluctuating, reliable data were not even attainable, explaining why all other stability experiments were only statistical studies. Note almost all the experiments of SHPo surfaces in literature have been performed in an ambient environment with minimized liquid pressure for a short period of time. Also note that the water in most water channel experiments is saturated or even supersaturated with air in the test section where the liquid pressure is often below the atmospheric pressure, sustaining the plastron in a manner not representing the reality outside the laboratory. Things would be much more challenging in most of the important real-life applications, where the surface is fully immersed at a certain depth in the water and moves at high speed for a long period of time. In this section, we will discuss how some recent studies have started to address the issue of vanishing plastron.
The design approach to help keeping the plastron on a SHPo surface includes making the surface resistant to a wetting transition (Carlborg et al. 2008; Lee and Kim 2009; Barthlott et al. 2010; Carlborg and van der Wijngaart 2011) and adding a built-in mechanism that replenishes the gas on the surface on demand Kim 2011b, 2012; Lee and Yong 2015) . The approach can be categorized depending on whether or not external energy is used, i.e., passive versus active approach, as summarized in Fig. 7 .
Toward robust plastron: passive approach
There have been significant efforts to make the SHPo surface more robust against wetting. Many have reported persistent plastron on natural and artificial SHPo surfaces made with nanoscale structures. Since gas pockets in nanoscale cavities are several orders of magnitude more stable than in microscale cavities, they can stay indefinitely at even a relatively high liquid pressure (e.g., meters of water depth) according to the theoretical predictions proven experimentally by Xu et al. (2014) . However, we do not discuss the nanostructured SHPo surfaces here because they do not provide slip lengths large enough to be useful for most engineering applications.
One approach is to make the inner surfaces of the microstructures repel the liquid more strongly. Lee and Kim (2009) generated nanostructures only on the sidewall of silicon microstructures, leaving the top surface smooth ( Fig. 7a-1 ). This modification effectively expanded the maximum obtainable pitch and the gas fraction in the presence of a liquid pressure. Compared with the same SHPo surface with a smooth sidewall, this approach allowed twice the water pressure, which corresponded to an effective contact angle of 180° on the sidewall. Interestingly, they found that the microstructures with nanostructured sidewalls and smooth tops performed better than those with nanostructured sidewalls and nanostructured tops. The latter case is the same as most of the reported hierarchical surfaces, i.e., microstructures covered with nanostructures everywhere. The effectiveness of the more wettable top of otherwise SHPo structures is consistent with the study below.
Another approach is to mimic Salvinia leaves (Barthlott et al. 2010) . Salvinia leaves are covered with hydrophobic hairs each terminating in an eggbeater shape, whose top provides hydrophilic patches on an otherwise SHPo surface ( Fig. 7a-2 ). On these structures, the hydrophilic tips make the water-air meniscus pinned even when the pressure of the trapped air becomes larger than the water pressure (i.e., Figure 3b -top but not Figs. 3c-top or 1a-top), helping preserve the plastron for a long duration even under environmental fluctuation. In the study apparently done at a low water depth, an air layer was shown staying up to 2 weeks on natural Salvinia leaves.
To sustain liquid pressure without collapsing the plastron, a side channel was added under the SHPo surface in a way that the air layer on the SHPo surface was automatically compressed by a flowing liquid in the side channel (Carlborg and van der Wijngaart 2011) . In this method, a gas layer was compressed between two liquid flows-one in the main channel and the other in the side channel. They have the same liquid pressure, but one is more vulnerable to the wetting (Fig. 7a-3) . As the pressure of the flowing liquid increased, the gas layer became pressurized in a selfregulated manner by triggering an earlier wetting transition in the side channel, while maintaining non-wetted state in the main channel. This approach increased the maximum sustainable pressure of the SHPo surface from 8 to 25 kPa without any deterioration of slippage effect. Fig. 7 Reported approaches to address the wetting on SHPo surfaces. a Passive approaches a-1 Nanostructures on the sidewall of microstructures make the SHPo surface more resistant to a wetting transition by the liquid pressure (Lee and Kim 2009 ); a-2 Salvinia leaves. Hydrophilic patches at the tip of the surface structures pinned the liquid-air meniscus on the tip, preventing the gas departure from the surface structures (Barthlott et al. 2010 ); a-3 self-regulating wetting control. An air layer on SHPo surface is pressurized by the intentional wetting transition outside the main channel (Carlborg and van der Wijngaart 2011). b Active approaches. b-1 Pressurizing the gas layer using an external tank (Carlborg et al. 2008 ); b-2 Replenishing the gas when it is lost from SHPo surface. The combination of two-tier structures (microstructures on the nanostructured bottom) and selflimiting gas generation by electrolysis prevented the wetting even under a very high liquid pressure (7 atm) (Lee and Kim 2011b) 1 3
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Toward robust plastron: active approach
The aforementioned passive approaches can be considered preventive measures, as they may prevent or delay the wetting on SHPo surfaces but become ineffectual once the wetting occurs or overwhelmed by a high hydrostatic pressure (e.g., more than 10-m-deep water). From a practical perspective, a more desirable approach would be to restore the plastron when it is lost or compromised, as it would be difficult to deter all the mechanisms that cause the wetting in many different operation conditions.
Related to the passive method, Carlborg et al. (2008) also reported active pressurization of the air layer on SHPo surfaces. In this study, the gas layer was connected to and its pressure controlled by the external tank outside the microchannel (Fig. 7b-1 ). With this approach, the SHPo state could be sustained up to a water pressure of 60 kPa. However, the pneumatic control with an external source required a priori information of the liquid pressure as well as a complex configuration (e.g., feeding line) and additional bulky component (e.g., air tank). Kim (2011b, 2012) have introduced a simple and energy-efficient approach to tackle the wetting problem by automatically restoring the plastron only where and when it is lost on the SHPo surface. They monolithically integrated a self-limiting gas generation mechanism with a hierarchical SHPo surface specifically designed to facilitate the formation of a stable gas film. Their SHPo surface consists of microstructures on top of a nanostructured bottom, on which electrodes are patterned for electrolytic gas generation ( Fig. 7b-2 ). If water intrudes the microstructures, the electrodes generate gas by electrolysis, as the impregnating water closes the electrochemical circuit between the electrode and the conductive liquid. The newly generated gas displaces the wetting liquid out of the surface structures and eventually restores a gas film on the SHPo surfaces. This semi-active method was proven effective under near-realistic conditions, such as a very high liquid pressure (up to 7 atm) and a defective surface. Lee and Yong (2015) also adopted a similar hierarchically structured surface to regenerate a gas layer on SHPo surface. But, they used solar energy instead of electrical energy to initiate the electrochemical gas generation. Please note that vaporizing water might be used to generate a gas layer as well (Vakarelski et al. 2014) . However, such thermal vapor would last only while being heated, draining a significant amount of energy.
Conclusions and outlook
Through a comprehensive review on the measured slip lengths on various types of SHPo surfaces and their comparison with theoretical predictions, we showed how SHPo surfaces should be designed for hydrodynamic frictional drag reduction. Geometric features of the surface structures such as pattern type, structural pitch, and gas fraction as well as flow conditions on the surface should be properly considered in designing the SHPo surfaces for effective drag reduction. Particularly, a compromise should be made between how large the liquid slip should be and how robust the plastron should be against wetting, because a SHPo surface for large slip is more susceptible to losing its plastron. Noticing the importance of maintaining the gas layer under the water, a few recent studies reported methods to delay or even prevent the wetting transition.
While the liquid slip and drag reduction for laminar flows are relatively well understood now, the same cannot be said for turbulent flows at this point. The recent numerical (Martell et al. 2009 (Martell et al. , 2010 Park et al. 2013 ) and experimental (Daniello et al. 2009 ) results under turbulent flow conditions have shown that SHPo surfaces with even a moderate slip length (~10 µm) can result in significant turbulent drag reduction, as the turbulent structures become weakened near the SHPo surface and a thin viscous sublayer becomes the main characteristic fluidic length scale in the turbulent flow. Recently, using regular-structured SHPo surfaces of large slip lengths, drag reductions as much as 75 % have been reported in turbulent boundary layer flows (Park et al. 2014) . However, an experimental study using a random-structured SHPo surface has reported that at high Re numbers the plastron was found depleted and drag reduction vanished (Aljallis et al. 2013 ). This trend of deteriorating plastron on random SHPo surfaces was widely seen for laminar flows as well, as discussed in Sect. 3.3 (especially Sect. 3.3.5 and Fig. 6c ).
With growing knowledge of the kinds of SHPo surfaces to design and the encouraging initial results for turbulent drag reduction, the time for a field demonstration of turbulent drag reduction seems approaching. However, there are several important issues to be addressed before we see a full deployment of SHPo surfaces in practical applications. A high cost of producing large-area SHPo surfaces is still an obstacle as well as a physical damage or chemical degradation of the SHPo surfaces over time. In particular, biofouling on the surface is a serious issue for underwater vehicles as it incurs additional frictional drag and considerable maintenance effort. Nevertheless, we expect that these issues can be overcome eventually with a rapid development of low-cost micro-and nanofabrication techniques (Ahn and Guo 2009) , the development of regenerative SHPo surfaces , damage-tolerant SHPo surfaces (Lu et al. 2015) , rare-oxide-based hydrophobic coatings (Azimi et al. 2013) , and the functioning of SHPo surfaces as anti-biofouling surfaces (Genzer and Efimenko 2006) .
Lastly, oil-infused nanostructured surfaces (Wong et al. 2011) , which have attracted much interest for their liquid repellency as well as their stability under a high liquid pressure, have been hailed as an alternative to the SHPo surface. However, an oil-infused surface can reduce the frictional drag only if the flowing liquid has a significantly larger viscosity than the infused oil (Solomon et al. 2014 ), excluding water from the candidate pool. Furthermore, the infused oil can be destabilized due to oil depleted under shear (Wexler et al. 2015) . Considering these restrictions, despite its great quality for many other applications, we do not expect oil-infused surfaces playing a major role for hydrodynamic drag reductions.
